Patients with chronic hepatitis B virus (HBV) liver disease are subject to an increased lifetime risk of hepatocellular carcinoma (HCC). In the majority of cases, HCC develops in the setting of bridging fibrosis or cirrhosis, a progressive process in which chronic necroinflammation and hepatocellular regeneration result in the production of reactive oxygen species, chromosomal mutations and, eventually, malignant transformation of proliferating hepatocytes (Lok and McMahon, 2009; El-Serag, 2011; de Lope et al, 2012 ; European Association for the Study of the L, European Organisation for R, Treatment of C, 2012). However, although the risk of HCC is highest among those with severe chronic inflammatory damage and cirrhosis, a certain proportion of HCC arises within non-cirrhotic liver (Bralet et al, 2000; Liu et al, 2009; Tretiakova et al, 2009 Tretiakova et al, , 2010 Trevisani et al, 2010) . The reported percentage of non-cirrhotic HCC ranges from 7 to 54%, depending on the demographic areas, the underlying aetiology and the materials studied (liver biopsies, autopsies or resected liver) (Bralet et al, 2000; Liu et al, 2009; Tretiakova et al, 2009 Tretiakova et al, , 2010 Trevisani et al, 2010) . A higher prevalence of HBV-HCC arising within non-cirrhotic liver has been noted (Bralet et al, 2000; Yang et al, 2011) .
HCC arising within a non-cirrhotic liver is a poorly understood entity, in regard to associated histopathologic features and molecular events that regulate tumour progression. Although some studies separate patients into cirrhotic and non-cirrhotic groups, the non-neoplastic liver of non-cirrhotic HBV patients usually harbours some element of abnormality and is rarely 'normal'. In particular, the degree of fibrosis in the non-neoplastic liver may vary significantly among these patients, and is most accurately assessed using a sophisticated staging system such as the Ishak method. The non-cirrhotic chronic HBV liver harbouring HCC may range from minimally to severely fibrotic, with marked portal-to-portal and portal-to-central bridging fibrosis (Goodman, 2007) , in addition to varying degrees of concomitant necroinflammatory change. This study examines the cancer-specific outcomes among groups with accurately staged liver fibrosis upon initial HCC diagnosis. A better understanding of HCC arising in non-cirrhotic chronic HBV patients is essential for the development of optimal algorithms for screening and treatment.
MATERIALS AND METHODS
Patients, histopathologic assessment and follow-up. This study includes all HBV-HCC patients who underwent surgical resection at Mount Sinai Medical Center in New York, NY, USA, between 1995 and 2008. The study protocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki as reflected by the appropriate institutional review committee. Institutional review board approval of all aspects of the research study was obtained prior to study initiation.
All patients were assessed pre-operatively by axial imaging (three-phase computerised tomography (CT) with intravenous contrast, or multi-phase magnetic resonance imaging (MRI) with intravenous contrast). Liver resection was performed in patients with surgically resectable disease and normal synthetic liver function as assessed by normal serum total bilirubin, albumin and INR. Patients with portal hypertension as evidenced by a platelet counto100 Â 10 3 ml À 1 , peri-oesophageal or peri-splenic varcies on axial imaging, or portal-systemic venous pressure gradient X10 mm Hg were excluded from liver resection. Only Child-Pugh A cirrhotics were included in this cohort, and patients with clinical evidence of Child-Pugh B-C cirrhosis were excluded. Patients who underwent liver transplantation were not included in this analysis.
Liver resection specimens were assessed by a single liver pathologist, blinded to all patient demographics and clinical outcomes. The degree of hepatic fibrosis in non-neoplastic liver tissue was scored using the modified Ishak method (stage 0-6) as follows: stage 0 (normal liver); stage 1 (fibrosis expansion of a few portal tracts); stage 2 (fibrosis of all portal tracts); stage 3 (fibrous expansion of most portal areas with occasional portal-to-portal bridging); stage 4 (fibrous expansion of portal areas with marked bridging); stage 5 (marked bridging with occasional nodules); stage 6 (established cirrhosis with the tissue entirely composed of nodules (Ishak et al, 1995; Brunt, 2000; Goodman, 2007) . Examples of resected liver specimens and corresponding histological photomicrographs for each Ishak fibrosis stage are included (Figure 1 ). For every resection specimen, a minimum of two sections were taken from the uninvolved liver distant from the tumour mass, and all H&E and trichrome-stained slides (at least two H&E stainings and two trichromes per case) from the nontumour areas were evaluated to arrive at the final Ishak fibrosis score. Histologic activity index (HAI) representing necroinflammatory grade and tumour characteristics, including tumour differentiation and vascular invasion, were assessed by the same dedicated pathologist specifically for the intended purpose of this study. Tumour number, largest tumour diameter and surgical margin were determined from standard clinical pathology report, rather than re-review of specimens. Information on biochemical markers was obtained from the medical record.
All patients were followed every 3 months in the first postoperative year, every 4 months in the second postoperative year and every 6 months thereafter. Imaging with CT or MRI was obtained for each patient on every follow-up visit, along with blood work including AFP as an adjunct only to imaging findings. Tumour recurrence was diagnosed on the basis of imaging findings on the follow-up CT or MRI. For patients in our cohort who developed HCC recurrence, 41% subsequently received non-operative therapy (RFA or TACE) for local control, 18% underwent secondary liver resection and none received salvage liver transplantation.
Statistical analysis. All statistical analyses were performed using SPSS 19 (IBM, Armonk, NY, USA) and SAS 9.2 software (SAS Institute, Inc., Cary, NC, USA). Categorical variables were compared using Fisher's exact test, and continuous variables were compared using two-tailed t-tests or non-parametric MannWhitney U-tests. The correlation between variables was evaluated using the Pearson's or Spearman's correlation coefficients. The survival rates from the date of initial visit to the date of death or the date of last follow-up, as well as the recurrence-free survival, defined as the time from surgery to the time of recurrence, death or date of last follow-up, was calculated using the Kaplan-Meier method. Patients with follow-up less than 60 months and with no death or recurrence were entered as censored data. Early recurrence was defined as recurrence events that occurred within 24 months of surgical resection. Clinically relevant variables were compared using log-rank tests and Wilcoxon tests for categorical variables, and univariate Cox proportional hazard regression for continuous variables.
Multivariate Cox proportional hazard regression was used to obtain hazard ratios and 95% confidence intervals associated with overall survival as well as recurrence-free survival. The final models were determined by placing all variables with Po0.1 from the univariate analysis into a preliminary multivariate Cox proportional hazard regression model and using a forward stepwise variable selection process. The proportionality of hazards was tested in the regression model, both for individual variables and in the final models.
RESULTS
Clinical-pathologic characteristics of the patient cohort. A total of 189 HBV-HCC patients were included in this study (Table 1 ). The mean age of patients was 56 years. The majority of patients were male (80%) and of Asian race (67%). Mean tumour size upon diagnosis was 6.3 ± 4.5 cm. Median follow-up of survivors included in survival analyses was 52 months.
An Ishak fibrosis stage 0 (normal liver) was never observed in these patients, but a wide range of underlying liver fibrosis from stages 1 to 6 was observed (Table 1, Figure 1 ). A negative correlation was observed between tumour diameter and Ishak fibrosis stage (r ¼ À 0.17, P ¼ 0.02), with larger tumour size seen among patients with less-severe liver fibrosis. The HAI positively correlated with Ishak stage (r ¼ 0.15, P ¼ 0.04). In addition, Ishak stage negatively correlated with circulating platelet counts and albumin (r ¼ À 0.22, P ¼ 0.004 and r ¼ À 0.15, P ¼ 0.050, respectively), whereas positively correlating with serum ALT and bilirubin (r ¼ 0.30, Po0.001 and r ¼ 0.15, P ¼ 0.049, respectively).
We analysed patients according to the presence or absence of established cirrhosis (Ishak stage 6 vs Ishak stage 1-5) upon initial HCC diagnosis (Supplementary Table 1 ). Tumour size was smaller among cirrhotic vs non-cirrhotic patients (5.4±3.4 vs 6.8±4.9 cm, P ¼ 0.03). In addition, cirrhotic patients had lower platelet counts, higher serum ALT and higher serum total bilirubin concentrations. Actuarial 5-year survival was significantly worse for cirrhotic vs non-cirrhotic patients (50 vs 73% 5-year survival, P ¼ 0.01). The majority of deaths were associated with HCC recurrence (47 out of 64, 73%), and this ratio was similar in cirrhotic (19 out of 27, 70%) vs non-cirrhotic patients (28 out of 37, 75%) (P ¼ 0.78). Early tumour recurrence was more frequent among cirrhotic vs non-cirrhotic patients (50 vs 36% 2-year tumour recurrence, P ¼ 0.07).
Ishak stage 6 was associated with poor overall and recurrencefree survival. Male sex, Asian race, poorly differentiated histology, macroscopic or microscopic vascular invasion, tumour size, surgical resection margin, anatomic resection, serum ALT430 units l À 1 , serum AFP420 ng ml À 1 and Ishak stage 6 were associated with poor overall survival in the univariate analysis (Table 2, Figure 2A and B). However, among patients with Ishak stage 1-5, progressive increase in Ishak fibrosis stage was not associated with poor overall survival ( Figure 2A ). Compared with patients with Ishak stage 1-4, Ishak stage 5 was not different in overall survival rate (P ¼ 0.26), whereas Ishak stage 6 was significantly associated with poor overall survival (P ¼ 0.005).
Variables found significant in univariate analysis at a P ¼ 0.1 level were put into a preliminary multivariate Cox regression analysis. Based on a forward stepwise selection process, tumour size, resection margin, serum AFP420 ng ml À 1 and Ishak stage 6 were all found to be independently associated with poor overall survival ( In univariate analysis, male sex, poorly differentiated histology, macroscopic vascular invasion, tumour size, anatomic resection, serum ALT430 units l À 1 , serum AFP420 ng ml À 1 and HAI were associated with poor recurrence-free survival, and Ishak stage 6 compared with Ishak stage 1-5 had a marginally significant impact on recurrence-free survival (Table 2, Figure 2C , P ¼ 0.05). Multivariate analysis indicated that poorly differentiated histology, macroscopic vascular invasion, tumour size, HAI and Ishak stage 6 were independently associated with poor recurrence-free survival. Similar to the findings for overall survival, compared with Ishak stage 1-4, Ishak 5 was not different in recurrence-free survival (HR: 0.77 (0.42-1.39), P ¼ 0.39), whereas Ishak stage 6 was associated with poor recurrence-free survival (HR: 1.71 (1.04-2.83), P ¼ 0.03).
Seventy-five of the 102 recurrence events occurred with 24 months (Table 1) . Factors associated with early recurrence rate were also analysed (Supplementary Table 2 ). Multivariate analysis indicated that macroscopic vascular invasion, tumour size, HAI and Ishak stage 6 were independently associated with higher early recurrence rate. Ishak stage 5 was not different from Ishak stage 1-4 in early recurrence rate by univariate (P ¼ 0.58) or multivariate analysis (HR: 0.91(0.38-2.20), P ¼ 0.84).
One hundred and forty-one patients had documented perioperative anti-viral therapy. The proportion of different Ishak stages among these 141 patients was similar to the entire patient cohort (Supplementary Table 3 ). Among these 141 patients, factors associated with poor overall survival, recurrence-free survival and early recurrence rate were similar to those identified in the entire Figure 1 . Representative HBV-HCC liver resection specimens and corresponding histological micrographs of the non-neoplastic liver with Ishak fibrosis stages from 1 to 6. Liver histological slides from resection specimens were prepared using the Masson trichrome stain, and liver fibrosis was scored using the modified Ishak method. Resection margin (cm)
Mean ± s.d. 1.1 ± 1.0 0.8 ± 0.9 1.2 ± 1.2 1.2 ± 1.1 0.9 ± 0.8 1.1 ± 0.9 1.0 ± 0.9 Factors associated with overall survival and recurrence-free survival in non-cirrhotic (Ishak stage 1-5) and cirrhotic patients (Ishak stage 6). Among patients with Ishak stage 1-5, only tumour size was independently associated with poor overall survival in multivariate analysis, and Ishak stage had no impact on overall survival. In addition, tumour size, serum AFP420 ng ml À 1 and HAI were independently associated with poor recurrence-free survival (Table 3a) and early recurrence rate (Supplementary Table 6 ). Among patients with Ishak stage 6, poorly differentiated histology and tumour size were independently associated with poor overall survival, and tumour size was independently associated with poor recurrence-free survival (Table 3b ). Macrovascular invasion was independently associated with early recurrence rate (Supplementary Table 6 ).
Resection type
The finding that serum AFP420 ng ml À 1 was independently associated with poor recurrence-free survival only among patients with Ishak stage 1-5 and not those with Ishak stage 6 was further illustrated by Kaplan-Meier analysis stratified by serum AFP categories among these two groups. Serum AFP420 ng ml À 1 was associated with poor overall survival, both in patients with Ishak Figure 3A) . However, while serum AFP420 ng ml À 1 was associated with a higher recurrence rate among patients with Ishak stage 1-5 (P ¼ 0.007), it had no impact on recurrence among patients with Ishak stage 6 (P ¼ 0.84) ( Figure 3B ).
DISCUSSION
Although cirrhosis is a significant risk factor for HCC development, HCC arising in the non-cirrhotic liver represents a poorly defined subgroup of primary liver cancers (Bralet et al, 2000; Liu et al, 2009; Tretiakova et al, 2009 Tretiakova et al, , 2010 Trevisani et al, 2010) . This study focused on HCC with a single aetiology, chronic HBV infection, and used surgical resection specimens to accurately score the severity of fibrosis and inflammation in the non-neoplatic liver using the modified Ishak method and HAI. The Ishak staging system was utilised because it is widely accepted for evaluating liver fibrosis in chronic liver disease and it allows for precise histologic assessment of liver fibrosis; more stages of fibrosis (0-6) are defined by other staging systems (such as the Scheuer system which only includes 4 stages). The Ishak score also uniquely allows for distinction between early, incomplete cirrhosis (stage 5) vs established cirrhosis (stage 6). Emphasis was placed on consistent histopathologic evaluation, and all specimens were scored by a single liver pathologist, who was blinded to clinical outcomes. No data on liver fibrosis or cirrhosis were extracted from clinical pathology reports for the purposes of this study.
An important and novel finding of this study is that progressive increases in fibrosis stage are not associated with progressive decrease in survival or recurrence-free survival among HBV-HCC resection patients until complete cirrhosis is established (stage 6). Surprisingly, the distinction between early, incomplete cirrhosis (stage 5) and established cirrhosis (stage 6) is associated with significant impact on prognosis. The association of liver fibrosis with prognosis following surgical resection is a clinically relevant question that has been evaluated in several studies (Ko et al, 2002; Wayne et al, 2002; Pawlik et al, 2005; Wu et al, 2009; Gassmann et al, 2010; Hung et al, 2010) . Hepatocellular carcinomas with mixed underlying aetiology were often analysed together and were therefore associated with more severe liver fibrosis (Gassmann et al, 2010) . In addition, most of these studies combined Ishak stage 5 and Ishak stage 6 as one entity, and the combined Ishak stage 5/6 is associated with poor survival in some studies but not others Gassmann et al, 2010) . Our data may therefore provide an explanation to reconcile these discrepancies. Ishak stage 6 is not only associated with poor overall survival, but also poor recurrence-free survival and early recurrence rate. Moreover, different prognostic factors are associated with recurrence events among Ishak stage 1-5 patients vs Ishak 6 patients: for example, AFP420 ng ml À 1 is associated with poor recurrence-free survival only among Ishak 1-5 patients, but not among Ishak 6 patients. Although existing publications indicate that markedly elevated serum AFP is a poor prognostic indicator for HCC (Nomura et al, 1989; Peng et al, 2004) , few have examined the prognostic impact of AFP in HCC associated with different fibrosis stage. Our data certainly provide strong rationale for future studies to mechanistically define the interaction between HCC and the underlying liver fibrosis in recurrence.
The single-institution cohort of 189 HCC patients included in this analysis consisted of a heterogeneous population of chronic HBV patients. Documented hepatitis B anti-viral therapy had been initiated for 141 patients peri-operatively. As such, this report cannot be interpreted as a longitudinal study for HBV. However, the independent impact of Ishak stage 6 on prognosis is still significant in these 141 patients. These data therefore highlight the importance of treating underlying hepatitis B in patients at risk for HBV-HCC; in addition to lowering the likelihood of future de novo tumour development (by viral suppression), the reduction in fibrosis that results from anti-viral therapy may also lead to improved survival following treatment of HCC with curative intent (Osakabe et al, 2011; Kurokawa et al, 2012) . No single patient in our cohort exhibited absolutely 'normal liver,' with an Ishak stage of 0. A direct oncogenic role for HBV has been proposed, which may occur in the absence of cirrhosis or even moderate fibrosis (Bralet et al, 2000; Farazi and DePinho, 2006) . Genomic integration of HBV into the host genome can result in genetic alterations, such as chromosomal rearrangements as well as activation of cellular oncogenes or inactivation of tumour suppressor genes. In addition, viral proteins such as HBV X protein can influence intracellular signal transduction pathways and alter host gene expression, contributing to malignant transformation of chronically infected hepatocytes (Farazi and DePinho, 2006; Chemin and Zoulim, 2009) . Indeed high HBV viral load is an independent predictor of HCC development in both cirrhotic and non-cirrhotic patients (Liu et al, 2006; Wu et al, 2008; Sung et al, 2009) .
Our data suggest that cirrhosis is associated with more frequent HCC recurrence. Tumour-related factors are associated with early recurrence, whereas high viral load and HAI are associated with late recurrence among HBV-HCC patients who had not received anti-viral therapy (Imamura et al, 2003; Wu et al, 2009) . Our data indeed confirmed that tumour-associated factors (tumour size and macrovascular invasion) have a significant impact on early recurrence. Surprisingly, Ishak stage 6 is also independently associated with early recurrence. Although several studies suggested that early HCC recurrence may result from intrahepatic metastasis of the original tumour, whereas late HCC recurrence showed different clonal origins and may reflect de novo formation of secondary HCC (Chen et al, 2000; Imamura et al, 2003; Wu et al, 2009) ; future studies identifying molecular signatures in primary as well as recurred-HCC associated with cirrhotic and non-cirrhotic livers are necessary to understand whether and how liver fibrosis stage influences the metastatic behaviour of HCC as well as de novo HCC formation. It would also be very interesting to identify the impact of Ishak stage on late-recurrence events in future studies as these patients continue to be followed.
There are several inherent limitations of this study. Although there were 30-60 patients in most Ishak stages, our study may be limited by the patient sample size in Ishak stage 1-5, especially for Ishak stage 1 and 3. It is possible that if there were more patients available within these early stages, we may have been able to observe a difference in outcomes in patients with minimal or moderate fibrosis. However, this would probably not change the observation that Ishak stage 6 is associated with the worst outcome. A salient observation in our data set is the difference in survival seen among patients with Ishak stage 5 vs 6 fibrosis, which are histologically similar and have sometimes been grouped together in prior reports. Precisely differentiating Ishak stage 5 from stage 6 fibrosis without the benefit of a surgical resection specimen is difficult, even with a core needle liver biopsy, as a broad survey of the liver architecture is needed in assessing the presence of complete nodules. Further efforts to identify panels of serum biomarkers, or other non-invasive diagnostics that can precisely predict subtle differences in liver fibrosis may prove very helpful. A recent study has demonstrated that aspartate aminotransferaseplatelet ratio index may discriminate minimal fibrosis (Ishak stage 0 or 1) from more advanced fibrosis (Hung et al, 2010) . Our data certainly support the need for additional non-invasive means in assessing minimal differences in liver fibrosis, as such subtle differences in histology are known to have significant implications on HCC patients undergoing surgical resection. In summary, HBV-HCC patients with Ishak stage 6 have poor overall and recurrence-free survival after surgical resection, when compared with patients with Ishak stage 1-5; however, among the latter group, progressive increase in Ishak stage from stage 1 to stage 5 is not associated with poor overall survival and recurrencefree survival. This information may lead to more effective treatment algorithms for patients with HBV-HCC, and may assist in optimal selection of patients for liver resection. 
